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It  is  a  familiar  fact  that  electrolytes  often  appear  to  contravene 
physical laws by diffusing against a  gradient 1 and  attaining  a  higher 
concentration  inside  a  living cell than outside. 
This happens in  the multinucleate  cell of the marine alga  Valonia 
macrophysa,  consisting of a  film of protoplasm (only a  few microns in 
thickness)  surrounding  a  large  vacuole  filled  with  clear  watery  sap 
(outside the protoplasm lies a  cellulose wall, but it is so permeable to 
electrolytes that it need not be considered in this discussion). 
Striking  differences are  seen on opposite  sides  of the protoplasmic 
film; for example we find only 0.012 ~  KCI in the sea water but  there 
may be more than 40  times as much in  the  sap.  We may therefore 
say that KC1 accumulates  2 to a  marked degree. 
It is natural  to  enquire  whether  this  can be accounted  for by the 
Donnan principle,  but Table I  indicates that  this is not the case. 
1 In some cases an ion may appear to go against a gradient when in reality this 
is not the case.  It has been shown (Osterhout, W. J. V., and Dorcas, M. J., J. 
Gen. Physiol.,  1925-26, 9, 255) that undissociated CO2 comes rather quickly into 
equilibrium across the protoplasm.  Let us suppose that owing to differences  in 
pH value the dissociation in the sap is 20 per cent and in the sea water 80 per cent. 
If the concentration of undissociated CO2 is the same inside and outside and is 
called 100, we have for the total inside 100 -t- 20  =  120, and outside 100 -t- 80  = 
180.  If the amount of sea water outside is small and the cell produces enough 
CO~ to raise the undissociated CO2 on each side to 200 we shall have (let ussay) 
30 HCO3- inside  and 160 outside. 
The term "accumulation" is used to denote the process by which a penetrating 
substance reaches a greater concentration inside the cell than outside. 
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TABLE  I* 
Molar  Concentrations 
C1 +  Br  ............................................. 
Na  .................................................. 
K  ................................................... 
Ca  .................................................. 
Mg ................................................. 
S04 ................................................. 
H  ................................................... 
Organic matter, parts per thousand ..................... 
Bermuda  sea  Valonla 
water  macrophysa 
M 
0.58 
0.5 
0.012 
0.012 
0.057 
0.036 
10-8 
~t 
0.60 
0.09 
0.5 
0.0002? 
Trace? 
Trace? 
10 -5 .s 
1.433 
* Cf. Osterhout, W. J. V., J. Gen. Physiol.,  1922-23,  5, 225  (where the value of 
Ca in the sap is erroneously given). 
The Donnan principle requires the  relation K~  +  Ko  =  Nal  +  Nao  =  H~  + 
Ho  =  Clo  +  CI~ (where the subscripts i  and o refer to inside and outside activities 
respectively) but these conditions are  not  fulfilled for  according  to  Table  I  the 
observed values  ~ are as follows: 
K~-Ko  =  0.5  ÷  0.012=  41.60 
Na~+Nao=  0.09÷  0.5  =  0.18 
H~+Ha  =10 -5'8+10  -s  =158.49 
CIo+CI~  -  0.58+  0.6  =  0.97 
Let us see whether we can employ the Donnan principle to explain the accumu- 
lation of K  by making certain modifications.  We might get rid of the necessity 
of putting K~  +  Ko  =  Na~  +  Nao by regarding Na as  indiffusible since it enters 
more slowly than K  but then we should still be unable to  explain the facts for the 
concentration  of indiffusible ions would  not  be high  enough  to  account  for  the 
observed value of K~  +  Ko.  Suppose we regard the Na of the  sea water as in- 
diffusible and neglect the counter-effect of the Na insidO  (i.e.,  suppose  that we 
The values can only be approximate since they vary with external conditions 
so that the ratio of K  +  Na may be as low as 2.55 or as high as  5.72.  For con- 
venience we employ concentrations in place of activities. 
4 Neglecting the counter-effect of the Na inside (about 0.1 ~) would more than 
compensate for neglecting the indlffusible cations outside, i.e., the Mg in excess of 
SO4  (about  0.057  -  0.036  =  0.021  ~)  and  the  Ca  (about  0.012  ~)  and  would 
therefore  favor  the  attempt  to  use  the  Donnan  principle  more  than  would  be 
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have only KC1 inside).  We should then have (Ko) (Clo)  =  (0.012)  (0.58)  =  0.007 
and (K~) (Cli)  =  (K~)  2 =  0.007 whence K~  =  0.084.  This is far  below the ob- 
served value of K, (which is 0.5) and unless we should assume an impossible con- 
centration of an indiffusible anion inside  5 we could not account for the observed 
value of K~ on the Donnan principle? 
The difficulty becomes still greater when we consider C1 for if KC1 is diffusible 
we must put at equilibrium K, +  Ko =  Clo  +  CI~.  Evidently in order that Val- 
onia may exist at all the osmotic pressure outside cannot be greater than inside 
so that Clo cannot be greater than CI~.  If we say that Clo must be approximately 
equal to CI~ then at equilibrium K~ must be approximately equal to Clo. 
We escape these difficulties if we abandon  the notion of equilibrium 
and say  s that KOH  and NaOH  are constantly entering  7 the cell because 
their thermodynamic  potential is greater outside than  inside. 
5 The internal concentration of anions other than C1 is extremely small. 
60sterhout, W. J. V., Proc. Soc. Exp. Biol. and Med.,  1926, 24, 234; Bulletin 
National Research Council, No. 69, 1929, 170. 
The assumption is made later on (p.294) that the entering KOH combines with 
a weak acid HA produced by the cell.  This process may be regarded as practi- 
caUy equivalent to exchanging K + for H + if we consider only the thermodynamic 
situation which takes no account of how substances go through the protoplasm. 
For example (neglecting effects of hydrolysis) we may say that starting with 10 
tools of HA inside and 2 of KOH outside and allowing 1 tool of KOH to enter there 
would be outside 1 of KOH and inside 1 of KA plus 9  of HA; this is equivalent 
to letting 1 equivalent of H + pass out in exchange for 1 of K + going in. 
In the brief preliminary paper  s this was not discussed because ionic exchange is 
regarded as relatively unimportant  but  it  now  requires mention  since Brooks 
(Brooks, S. C., Proc. Soc. Exp. Biol.  and lVfed., 1929, 27,  75; Protoplasma,  1929, 
8, 389; and in Contributions to Marine Biology, Stanford University, California, 
1930)  states that as H + tends to pass out and anions cannot accompany it, K + 
comes in to maintain electrical neutrality.  But  then,  in order to  explain the 
behavior of C1, it is assumed that HC03- and C1- are diffusible, in direct con- 
tradiction to the former assumption.  It is said that anions do not travel in the 
same paths as the cations but this really makes no difference since thermodynam- 
ically it does not matter how the ions get through.  If H + and HCOa- pass out 
by different paths they can do so simultaneously and  thus maintain electrical 
neutrality without intake of K + or CI-.  That H +  +  HCOa- can pass rapidly 
through the protoplasm (as such or in the form of neutral molecules) is shown 
by the work of M.  M. Brooks (Public Health Reports, Washington, D. C., 1923, 
38, 1470). 
The statement that HCO3- exists at a much higher concentration in the sap of 
Valonia  than in the sea water is not borne out by the analyses of Dorcas  (of. 
Osterhout, W. J. V., and Dorcas, M. J., J.,Gen. Physiol., 1925-26, 9, 255). 288  ACCUMULATION  OF  ELECTROLYTES.  II 
The thermodynamic potential of KOH is higher outside as long as 
the  ionic  activity  product  (aKo)(aono)  is  greater  than  (aK~)(aOHi). 
Assuming for convenience that the activity coefficients equal unity we 
may say that when the pH value of the sap is 5.8 and that of the sea 
water 8.0, we have OH~ =  10- 8.~ and OHo --  10 -6 so that we may write 
as  an  approximation  (K~)(OH,)  =  (10-°-3)(10 -8'2)  =  10 -s'5  and 
(Ko) (OHo)  --  (10 -3) (10 -8)  --  10 -s.  In order to produce equilibrium 
we should have to raise the internal concentration of K  to  1.585  M 
(so that (K~)(OH,)  --  (10 °.~)(10-8.~)  --  10 -s)  or  raise  the  internal 
pH value to 6.3 (so that (K~) (OHm)  =  (10 -°-3) (10  -7"7) --  10-s). 
Thus we can predict that if we raise the internal pH value higher 
than 6.3 K  should begin to come out, and experiments carried out by 
Dr.  Cooper and Mr.  Jacques,  in  collaboration with the writer, show 
that this actually happens when the internal pH value is sufficiently 
raised by the entrance of NI-I3. 8  This,  of course, does not apply  to 
NaOH since we have  approximately  (Nao) (OH°)  =  (10 -°'2) (10 -8)  = 
10 -8.3  and  to  get  equilibrium  we  should  have  to  raise  the  internal 
concentration of Na to the impossible figure of 79.5 M (so that  (Nat) 
(OHm)  =  (101.9) (10 -8.3)  =  10 -6.")  or raise the internal  pH  value to 
8.7  (so  that  (Na,)(OHm)  =  (10 -I) (10 -s.3)  =  10-6"3).  Hence  if  the 
internal pH value is raised to the point where K begins to come out Na 
should continue to  go in,  as  was actually found in  the  experiments 
just referred to. 
Let us now consider the relative permeabilities to KOH and Na0H. 
If K + and OH-  penetrate by combining at the surface of the proto- 
plasm to form molecules or enter as the ion pair K +  +  OH-,  as sug- 
gested elsewhere, ~ the quantity passing in will be proportional to the 
The hypothesis ignores the fact that the thermodynamic potential of KC1 is 
much higher inside than outside, a matter of vital importance in connection with 
the inward movement of K which tends to maintain or increase this difference. 
There seems to be no ground for assuming that at equilibrium  H~ would be 
greatly in excess of Ho but if it were CI¢ would have to be greatly in excess of CL 
and C1 would have to be regarded as indiffusible in order to explain  the ratio of 
H~ +Ho. 
s Cf. Cooper, Win. C., Jr., and Osterhout,  W. J. V., J. Gen. Physiol.,  1930-31, 
14, 117. 
90sterhout, W. J. V., Proc. Soe. Exp.  Biol. and Med.,  1926, 24, 234; Bulletin 
National Research Council,  No. 69, 1929, 170; J. Gen. Physiol., 1929-30, 13,261. W.  3.  V.  OSTERtlOUT  289 
number  of  collisions  and  hence  to  the  ionic  product  1°  (Ko)(OHo): 
the  quantity passing out will be proportional to  (K,) (OHm)  and  the 
net amount passing, or QKom will be proportional to the difference of 
ionic  product  11  (which  we  may  call p)  so  that  we  may put  p  =  B 
[ (Ko) (OHo)  -  (K,) (OH,)]  where B  is a  proportionality  factor (which 
may  be omitted  in  comparing  strong  electrolytes  in  the  subsequent 
discussion). 
If we  define  the  permeability  to  KOH  (or PKOR)  as  the  amount 
passing  through  unit  protoplasmic  surface  into  the  vacuole  in  unit 
time  with  unit  difference  of ionic  product  (i.e.,  when  PKOa  =  (Ko) 
(OHo)  --  (K~) (OH,)  =  1)  the amount passing in will  be proportional 
to P, p, surface, and time, so that we may write  I~ 
0KOH 
QKOH = PKOtIPKOHSt  and  PKOtt  =- 
PKOHS/ 
where s is surface, t is time, and Q is the number of gram tools passing 
in  the  time  t.  We  may put  as  an  approximation  13,14 PKoI~  =  (Ko) 
(OHo)  -  (K,)(OH,)  =  0.012  (10-0  -  0.52  (10 -s.2)  =  87.2  (10-1°). 
In  the  same  way  we  have  for  NaOH  the  value  PN~Oa  =  (Nao) 
(0Ho)  --  (Na,)  (OH,)  =  0.5  (10 -8)  -  0.09  (10 -8.3)  =  4994.3  (10-1°). 
i0 It might seem that the amount entering would be proportional to the differ- 
ence between the thermodynamic potential inside and outside or to 
1n [(aKo) (aOHo)] --[(aK,)  (aoH,)]  Rr 
F 
but this is not the case (cf. van Laar, J. J., Lehrbuch der theoretischen Elektro- 
chemie, Wilhelm Engelmann, Leipsic,  1907, pp. 85 ft.). 
n That p is analogous to an osmotic pressure gradient is evident from the follow- 
ing:  If we assume that K + and OH- colliding  at the outer surface of the proto- 
plasm form molecules of KOtt the number produced  in unit  time will  be pro- 
portional to (Ko) (OHo) and at the inner surface the number will be proportional 
to  (Ks) (OHm).  This also applies if we have to do with the formation of an ion 
pair K + +  OH- (i.e.,  K + and OH- entering together). 
13 This resembles the formula of Northrop (Northrop, J. H., J. Gen. Physiol., 
1928-29,  12, 435).  See also Osterhout, W. J. V., J. Gen. Physiol.,  1929-30,  13, 
261. 
18 The value is an approximation because we should use activities and also for 
other reasons.  Cf. Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13, 261. 
14 The pH value of the sap is taken as 5.8. 290  ACCUMULATION  OF  ELECTROLYTES.  II 
Let us now consider the value of Q.  If a cell is in vigorous growth, 
increasing  1 per  cent a  day, 15 the volume of the sap being  1 cc. and 
containing 0.52 u  KC1 and 0.09 M NaC1, the amount of K  passing in 
per day may be regarded as QKOH =  0.52  (10  -5) mo1 and in  the  same 
way QN~OH =  0.09  (10 -5) mol. 
We now have (if s and t are the same in both cases) 
PKOH 
PNaOH 
QKOH +  PKOH  0.52 (10-~)  +  87.2 (10  -1°) 
QNaOH -- PNaOH -- 0.09 (10  -5) +  4994.3 (10  -x°) 
=  331 
In other words,  the protoplasm appears to be about 331  times as 
permeable  to  KOH  as  to NaOH. 16 
Not  much  quantitative  significance  is  to  be  attributed  to  these 
figures and in any case they can apply only where such factors as the 
movement of KC1, NaC1, and ionic exchange can be neglected. 
This difference between KOH and Na0H  is greater than would be 
expected if these substances  entered in ionic form with the mobilities 
now assigned  to them.  Measurements 1~ indicate that if we put the 
mobility of C1- in the outermost layer of protoplasm equal to 1, that 
of Na (or Ux~) is 0.2 ; in general, all the anions seem to have about the 
same  mobility  so  that  we  may  assume  that  of OH  (or  VOH) to  be 
equal to  1.  The mobility of K  (or  UK)  is not yet accurately deter- 
mined, but even if we put it as high  is as 80 the figures  do  not  corre- 
spond to those given above for we have  (if we may use the same for- 
mula as for aqueous media) for DKOK, the diffusion coefficienO  9 of KOH 
in  the outer layer of the protoplasm, 
15 This rate of growth is realized under favorable conditions. 
16 According to Andr6  and Demoussy (Andre,  G.,  and Demoussy, E.,  Bull. 
Soc. chim. blol., 1925, 7, 806) K may diffuse more rapidly than Na in the aqueous 
media of the plant.  Even if the permeability to K and Na were equal and the 
sap came into equilibrium with the solution bathing the cell, the greater diffusibil- 
ity of K would make the fluid bathing the cells of certain parts of multiceUular 
plants richer in K and would thus help to account for the preponderance of K in 
the sap of such cells. 
17 Damon, E. B., and Osterhout, W. J. V., J. Germ. Physiol., 1929-30, 13,445. 
is According to Damon (unpublished  results)  it is less than 80. 
19Cf.  Taylor, H. S., Treatise on physical chemistry, D.  Van Nostrand Co., 
New York,  1924, p.  937. W.  J.  V.  OSTERHOUT  291 
DKOH =  RT 2UK VOH  _  RT 2(80) (1) -  2RT 
UK+ VOH  80 +  1 
and for DNaOH  ,  the diffusion coefficient of NaOH, 
DNaOH =  RT  2UNa VOH  _  RT:(0.2)2 (1) =  0.33RT 
UNa +  VOH  0.2 +  1 
Hence 
DKOH  2 
6 
DNaOH  0.33 
According to this the permeability of the outer layer of the proto- 
plasm to KOH  is 6 times as great  2° as to NaOH  but we have calculated 
earlier that  of  the  protoplasm  as  a whole  to  be  about  331  times  as 
great.  The  calculation which gives the value 6  assumes the penetra- 
tion of ions only; the other  calculation applies whether  molecules or 
ions  penetrate  but  if  ions  alone  penetrate  it  should  agree  with  the 
20 If it were assumed (cf.  Brooks, S.  C.,  Protoplasma,  1928,  8,  389)  that H + 
inside is exchanged for K + outside and that K + does not tend to pass through the 
protoplasm more rapidly than H + we might calculate the permeability (PK) to 
K + as follows: We put 
QK+ 
PK  +  =  -- 
pK  ÷st 
where PK÷  =  (Ko)  (Hi)  -  (K0  (Ho),  QK+ is  the  number  of  equivalents of K + 
passing in during the time t, s is surface, and PK÷ (the permeability to K +) is the 
number of equivalents of K + entering in unit time when s  =  1 and PK* =  1.  We 
should then have approximately (putting s  =  1 and t  =  1) 
PK+  0.52 (10  -5) -- (0.012) (10  -5-8) -- (0.52) (10  -8) 
PNa+ =  0.09 (10-5) +  (0.S) (10  -5'8) -- (0.09) (10-0 
=  331 
Since unpublished measurements  indicate that  UK  in the outer layer is not 
more than 80 times UNa it might be necessary to assume a considerable difference 
between the concentration of K + and Na + in some part of the protoplasm to give 
the figure obtained by this calculation. 
This calculation agrees with that given on p. 290 since thermodynamically the 
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calculation  which  gives  the  value  6  and  since  it  does  not  we  may 
suppose that it is principally molecules that penetrate, or that concen- 
tration  (and  perhaps  reaction)  in the protoplasm plays a  more im- 
portant r61e than diffusion constants. 
It has been shown elsewhere  ~1 that the mobilities of ions in the pro- 
toplasm do not follow the same order as in water.  This  (and other 
evidence)  points  to  the  fact  that  the  protoplasmic  surface  is  non- 
aqueous and it therefore seems quite probable that K + and OH- com- 
bine at this surface to pass through as molecules just as H + and C1- 
combine at  a  water-air surface to pass  through  the  air as molecules 
and  dissociate  again  on  reaching  an  aqueous medium.  For if the 
surface of the protoplasm  forms a  non-aqueous layer the concentra- 
tion of molecules of KOH in this layer will in all probability be much 
greater than that of the ions K + and OH-  so that, other things being 
equal,  the permeability  to  molecules will  be much greater than  the 
permeability to ions. 
For the  same  reason it does  not  seem  probable  that  exchange of 
ions  ~2,23 plays a  great r61e though the cell can of course produce H +, 
NH4 +, and organic anions which are available for exchange34 
This point  of view is  in  harmony with  the  fact that the effective 
resistance of the protoplasm  is  high35 
21 Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13, 715. 
22 In the experiments with NH3 the amount of K coming out does not  corre- 
spond to the amount of NH4 appearing inside and the process does not appear to be 
ionic exchange  (Jacques,  A. G., and Osterhout, W. J. V., J. Gen. Physiol.,  1930- 
31, 14, 301). 
23 For the kinetics  of ionic exchange see Osterhout, W. J. V., J. Gen. Physiol., 
1930-31, 14, 277. 
24 Earlier results with Nitella indicating slow ionic penetration were probably 
due largely to reversible injury (cf. Osterhout, W. J. V., J. Gen.  Physiol.,  1921-22, 
4, 275). 
For a discussion  of ionic exchange  in  Valonla see H6ber, R., and HSber, ]., 
Arch. ges. Physiol., 1928, 219, 260.  If the entrance depends on ionic radius (in an 
aqueous medium) as postulated by HSber, Cs should go in more rapidly than K but 
this is not the case (cf.  Cooper, Win. C., Jr., Dorcas, M. J., and Osterhout, W. J. 
V., J.  Gen. Physiol.,  1928-29,  12, 427). 
See also Brooks, S. C., Protoplasma, 1929, 8, 389. 
°h ~ Blinks, L. R., J. Gen. Physiol., 1929-30, 13,361,495.  The effective  resistance i~ ~- ,÷he 
R may be regarded as R  =  ----~, where I is the current, E is the ~.~.r. producing W.  J.  v.  OSTERHOUT  293 
The idea that there is little or no penetration of ions is supported 
by experiments with CO~.  It is found  ~6 that if the concentration of 
undissociated molecules of CO2 or H2CO3 is kept constant the rate of 
penetration remains constant even though great variations occur in 
the concentration of ions.  The behavior of the time curves at high 
and low pH values leads to a similar conclusion.  27 
In this paper we shall for convenience speak of the penetration of 
electrolytes in molecular form without implying that ionic penetration 
does not occur but only that it must play a subordinate r61e owing to 
the non-aqueous character of the protoplasmic surfaces. 
These remarks do not affect anything  that is said concerning equilib- 
rium since this is in no way dependent on the mode of entrance.  But 
it should be remembered that in a  living and growing cell no equilib- 
rium is possible, the nearest approach to it being the sort of pseudo- 
equilibrium  observed  with  certain  rapidly penetrating  substances  ~8 
such as CO~. and H2S. 
We may sum up by saying that penetration in ionic form would 
seem  to  be  much  slower  than  in  molecular form.  If  penetration 
occurs by means of ion pairs (e.g., as K + +  OH-) we should have the 
equations already given but this would not be the case if it occurs by 
exchange, e.g., if K + enters in exchange for H + the amount passing 
through  ~g would be proportional to (Ko) (H~) -  (K~) (Ho). 
Let  us  now  consider  the  distribution  of  anions.  Evidently the 
the current (whether an applied potential or one existing in the plant or a com- 
binatlon of both), and P is the polarization or back ~.M.~. produced by the plant 
during the passage of the current  (opposing the passage of the current).  In 
most cases P accounts for most of the observed resistance. 
-Tb_.e effest4-,-c cc,  n~uc~ar,  c~ is I  +  2. 
26 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13, 695. 
2~ It is often assumed that if a weak acid penetrates more rapidly at low pH 
values it must enter chiefly in molecular form but this is not justified since, for 
example, lowering the pH  value increases undissociated COs  or  H2COa, and 
the product (H) (HCOa) in the same proportion (since (H) (HCOa) --  C(H~COa) 
where C is the dissociation  constant).  See Osterhout, W. J. V., J. Gen. Physiol., 
1929-30, 13, 261. 
2s Osterhout, W. J. V., and Dorcas, M. J., J. Gen. Physiol., 1925-26, 9~ 255; 
Osterhout, W. J. V., J. Gen. Physid., 1925-28, 8, 131. 
~9 Cf. Osterhout, W. J. V., f. Gen. Physiol., 1930-31, 14~ 277. 294  ACCUMULATION  O~'  ELECTROLYTES.  II 
penetration of KOH and NaOH would raise  the internal pH value 
if the  cell were not continually producing acids  (e.g.,  carbonic and 
other organic acids).  6  If we lump these acids under the term HA 3° 
we may say that the entering KOH will produce K +  +  A-  thus in- 
creasing the concentration of A- if HA is a weak acid, as is probably 
the case.  As this process continues A- will increase and will tend to 
pass out of the celP  1 either as A- or as undissociated HA which will 
dissociate on reaching the sea water.  If, for example, we imagine a 
cell having as  the only solute in the sap  KA  at a  concentration of 
0.6  M  (with a  small amount of undissociated HA)  there  will be  a 
tendency for A-  to go out and for CI-  to move in.  This could be 
effected by exchange of A- for Cl-, passing through the protoplasmic 
surfaces as  such or as undissociated HA  and HC1  (which dissociate 
again after traversing the surface).  In the absence of complications 
this might go on until A ~  became equal to Ao. 
When Donnan constraints are present  the  exchange will tend to 
produce a  condition where A~  +  CI~  =  Ao  +  Clo.  Such constraints 
are present in Valonia 3~ for we have in the sea water indiffusible ions 
such  as Mg  ++  and  SO~  (the  latter in  small  concentration), which 
are normally not found in the sap,  ~ and Ca  ++ which, if present at all 
in the sap, is found only in traces.  We also have Na + which enters 
so slowly that it may be regarded as practically indiffusible in com- 
parison with ions which enter rapidly.  If HC1 and HA-  (or C1- and 
A-) exchange promptly we might expect them to distribute themselves 
without much delay according to the Donnan principle so that in the 
absence of complications there would be  a  tendency to make A~ + 
Cl~  =  A  o  +  CIo. 
When the exchange has raised the value of  (K~)  (CI~) to the point 
where it  is  equal  to  (Ko)(Clo), i.e.,  to  (0.012)  (0.58)  =  0.007,  the 
difference of thermodynamic potential of KC1 may be  regarded  as 
30 The concentration of HA will presumably be small owing to the fact that it 
is constantly leaving the cell. 
31 A-  will tend to pass out when (H~) (A~) is greater than (Ho) (Ao) or (K~) 
(A~) is greater than (Ko) (Ao) even though A~ be less than Ao (1). 
~ They do not bring the system into Donnan equilibrium  because the continual 
production of acid and other metabolic activities prevent it. 
3~ Osterhout, W. J. V., J. Gen. Physiol.,  1922-23, 5, 225. W.  J.  V.  OSTERHOUT  295 
approximately zero and any further exchange of HA  for HC1  (or of 
C1-  for A-)  will increase the difference of thermodynamic potential 
of KC1 and lessen that of KA (since the value of Ao, owing to the large 
external volume, must be very small and in consequence the product 
(Ko) (Ao)  must  be  nearly  zero).  How  far the energy  of  the  latter 
process  is  available  for increasing  the  difference of  thermodynamic 
potential of KC1 is not certain but in any case there must be an abun- 
dant  supply of energy for this purpose in the metabolism of the cell. 
This will be discussed in subsequent papers when additional data are 
presented. 
Since K  is found in the sap in combination with C1 it is evident that 
if it really enters as KOH and  reacts to form KA  there must be an 
exchange of A- for C1- or of HA for HC1. 
We may sum up by saying that under normal conditions the differ- 
ence of thermodynamic potential of KOH tends to drive K in  u and that 
of KC1 tends  to  drive K  out:  if  the  latter  be  greater  3~  metabolic 
energy would be required to drive K  in and this case may have some 
relation  to  that  described by Straub. 3~ 
Turning to a  consideration of C1 we may say that the difference of 
thermodynamic potential of KC1 tends to drive C1 out  and  that  of 
NaCI tends to drive C1 in and  that  these forces seem to be not far 
from equal.  37 
It may be noted that the production of HA  and the exchange of a 
weak acid  for HC1 tend to depress the pH value of the sap;  on the 
The entrance of KOH would temporarily disturb the existing  approximate 
osmotic equilibrium.  This might be compared to the well known experiment in 
which a closed porous pot containing air and fitted with a manometer is placed in 
an atmosphere of hydrogen.  The entrance of hydrogen is more rapid than the exit 
of air and in consequence the pressure rises temporarily in the pot.  The bursting 
of cells in dilute alcohol may be due to a similar cause. 
35 The  difference  of  thermodynamic potential  of KC1 is approximately pro- 
portional  to (K,) (C1,) -  (Ko) (CL)  =  (0.5)  (0.6)  -  (0.01) (0.58)  =  0.2942, and 
that of KOH to (Ko) (OHo) -  (K,) (OH,)  --  (10  -~) (10 -~)  -  (10  -°'3) (10  -8"~)  = 
0.684 (10-°). 
Straub, J., Rec. gray. chim. Pays-Bas, 1929, 48, 49. 
87 The difference of thermodynamic potential of  KCI is  approximately pro- 
portional to (K,) (Ch)  -  (Ko) (CL) =  (0.5) (0.6) -  (0.01) (0.58)  =  0.2942, and 
that of NaC1 to (Nao) (Clo) -  (Na~) (C10 =  (0.5) (0.58) -  (0.1) (0.6)  -- 0.23. 296  ACCIY]~ULATION  OF  ELECTROLYTES.  II 
other  hand  the  entrance  of  K0H  and  Na0H  tends  to  raise  it.  A 
balance appears to be struck between  these antagonistic processes so 
that  the pH value of the  sap does not  vary widely and  this  (as sug- 
gested  elsewhere  ~s) may be due to a  regulatory process. 
We  might  therefore,  as  an  alternative  hypothesis,  regard  H~  as 
approximately constant and since Ho is constant we could say that the 
ratio  H~  -  Ho  is  fixed  and  therefore  produces  a  constant  potential 
difference  ~s across the protoplasm so that all the other ions  (whether 
passing  through  in  ionic  or molecular form)  will strive to conform to 
it  "9 so that Ki +  Ko and Na~ +  Nao will tend to equal H~ +  Ho.  ~°  But 
this would involve the necessity of making CIo  +  Cli tend toward the 
same value which  is evidently not possible if the cell is to  exist with 
practically no anion except C1- inside. 
It should be emphasized that the normal ratio of H,  +  Ho (which is 
far from equilibrium)  is  maintained  at  a  high  value  (about  160)  by 
the  energy of metabolism which  continually produces HA  and which 
maintains  the ratio of K~  +  Ko and  CI~  +  Clo.  It is  quite  possible 
38 This would be small compared with that due to K since the concentration of 
H is so small, for a change in the pH value of the sea water produces little change 
in the P.D. across the protoplasm. 
39 The fixed ratio He +  Ho implies a P.D. across the protoplasm which would act 
on all ions  present. 
40 This is in harmony with what has preceded.  If, for example, we say  that 
KOH tends to enter until (Ko) (OHo) =  (K0 (OH0 it is equivalent to saying that 
K tends to enter until K~ +  Hi  =  Ko +  Ho since if we put 
K~  K~ 
OHo =  ~  and  OH~-- H--7 
we have 
whence 
Ko  Ki 
Ho  -  H~ 
Hence if the external solution remains constant and the internal pH value is raised 
so that H~ is decreased we should expect K to come out. W.  J.  V.  OSTEILt:IOUT  297 
that  when HA  is once produced the transfer  of molecules and  ions, 
e.g., exchange of HA for HC1 or of A- for CI-, follows without further 
expenditure of energy. 
As another  alternative  it may be suggested that  as HA  and KOH 
are present  in  such  small  amounts  they may be neglected and  KC1 
may be considered  to move in as such.  But this scheme would not 
present so clearly the r61e of the pH value of the sap which, as will be 
shown in  subsequent papers,  is very important. 
Let us now consider how we may picture the process of penetration 
and growth.  The production of a weak acid HA inside the cell adds 
to the existing osmotic pressure which is further increased  by the en- 
trance of KOH and NaOH, transforming HA to its salts, and under nor- 
mal conditions water will enter until the internal pressure nearly equals 
that outside, as the cell wall is too elastic to offer much resistance. 
The entrance of water will dilute any electrolytes which have already 
reached  a  pseudo-equilibrium  with  the  outside  solution  and  will 
therefore  favor  an  inward  41 movement. 
With  the  growth  of the  cell  proceeding  in  this  manner  the  total 
concentration of electrolytes inside should be approximately constant 
as appears to be actually the case. 
It seems probable that the rate of penetration will be influenced by 
the activity of the cell  (e.g.,  by production  of acid,  or of substances 
which  increase  osmotic  pressure  and  absorption  of  water  (such  as 
sugars) or of those which promote the expansion of the cell w~ll (such 
as  carbohydrates);  possibly  also  substances  may  be  formed which 
directly influence permeability. 
Should the activity of the cell (production of acid, etc.) decline the 
tendency  will  be to  approach  a  true  Donnan  equilibrium,  with  the 
same  ratio  of  K  to  Na  inside  and  outside.  42  In  consequence,  the 
ratio K~ +  Nab will fall off and this is actually observed when activity 
of the cell is lowered by cooling. 
The  explanation  given here is merely a  working hypothesis which 
must be tested experimentally.  Many tests have been made during 
the last  five years which  support  the  hypothesis  and  which  will  be 
41 The dilution of C1 inside may thus favor its entrance in exchange for A-. 
42 Death leads to a different condition with the inside and outside exactly the 
same, and injury tends to produce this condition. 298  ACCUMULATION  OF  ELECTROLYTES.  II 
discussed in subsequent papers.  For the present we may confine our 
attention to a  consideration of experiments with NH8  such as have 
recently been described.  43 
When NH4CI is added to the sea water it soon makes its appearance 
inside where its concentration may become many times as great as 
outside.  According to our hypothesis we should expect undissociated 
molecules of NI-I3 or NH4OH to enter more rapidly than ions and this 
is evidently the case since the pH value of the sap rises rapidly, appar- 
ently because the penetration of NH3 or NH4OH is more rapid than 
the production of acid in the cell:  this accords with the fact (shown 
by analysis) that the total NH~ (by which is meant NI-I, +  undisso- 
ciated NH4OH  +  NI-t4) enters the cell much more rapidly than is 
normally the case with K  or Na. 
According to our hypothesis the entering NH8 or NH40H combines 
with HA to form NHv4 and at first there is little exchange but after 
a few minutes HA begins to be exchanged for C1- so that there should 
be a  steady increase of NH4C1  in the sap.  This is found to be the 
case; as a result of this exchange and of the production of acid by the 
cell the pH value of the sap soon stops rising since the result of the 
exchange is to replace the weak acid HA by the strong acid HC1; if 
this went far enough it would cause the internal pH value to fall off 
again after its original rise  (when the cell is first put into sea water 
containing NH4CI) and such a falling off is commonly observed.  44 
The rise in pH value will affect the entrance of KOH and NaOH. 
The penetration of KOH should begin to fall off much sooner than 
that of NaOH and as the pH value of the sap  continues to rise K 
should begin to come out while Na continues to  enter.  This is be- 
cause the ionic activity products differ as explained on p. 288.  The 
experiments show that this prediction is correct.  44 
4a Cooper, Wm. C., Jr., and Osterhout, W. J. V., J. Gen. Physiol., 1930-31, 14, 
117; Jacques, A. G., and  Osterhout, W.  J.  V.,  J.  Gen.  Physiol.,  1930-31, 14, 
301; in these experiments the cells lived indefinitely and grew better than when 
no NH3 was added. 
44 The rate at which this occurs depends in fact on the rate of entrance of NH8 
(or NH4OH) and that of the exit of KOH.  It should be remembered that when 
the pH value  of the sap is raised CO2 may move  inward from the sea water since  the 
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If we now consider effects upon growth we see that even if the rise 
in pH value due to NI-I8 does not stimulate the production of acid by 
the cell the rapid entrance of NI-I3 will cause a quicker rise in osmotic 
pressure than is normally the case.  The result will be an increased 
entrance of water and  distension of the cellulose wall.  Before NH3 
is added the entrance of KOH and NaOH and consequent absorption 
of water seems to be slow enough to permit the cell wall to stretch and 
keep pace with the entrance of electrolytes and in consequence the 
internal concentration of CI remains relatively steady.  But NH8 (or 
NI-I4OH)  enters much more rapidly than K  or Na so that it seems 
possible that the cell wall cannot stretch rapidly enough to keep up 
and  in  consequence the  total  concentration  of  electrolyte  should 
increase somewhat.  This is apparently the case.  At first the total 
concentration increases from about 0.6 ~  to about 0.61 M after which 
a balance appears to be struck between the pressure and the elasticity 
of the cell wall so that the total concentration of electrolyte becomes 
relatively constant. 
This increase of pressure explains in part at least the more rapid 
growth which we observe when NI-I4C1 is present in the sea water. 
It is also  quite possible that NH8  contributes to  this by increasing 
permeability. 
It is evident from all that has been said that we can~predict the 
behavior of K better by disregarding the movement of KC1 and paying 
attention  to  that  of KOH.  It  may be remarked incidentally that 
such evidence as we have**  (which is not conclusive) indicates that 
the permeability to KC1 is not greater than to NaC1 and that in conse- 
quence the movement of KCI may be neglected. 
The experiments with NH4CI seem therefore to support the hypoth* 
esis devised to  explain what occurs under normal conditions.  This 
hypothesis may be summarized by saying that the energy necessary 
to  produce  the  accumulation of  K  is  furnished  by  metabolism  in 
connection with the production of a weak organic acid HA produced 
in the cell, and HA is exchanged for HC1 of the external solution (or 
A  for C1) so that it is very much as if the cell produced HC1 continu- 
ally and maintained an internal pH value of 5.8 (that of the sea water 
being  about  8).  Under  these  circumstances  KOH  diffuses  in  to 
neutralize the acid inside.  This tends toward a  condition in which 300  ACCUM-ULATION  OF ELECTROLYTES.  II 
the product  (K)(OH)  is the same inside and outside so  that  if  the 
internal pH value remains 5.8 Ks must become greater than Ko.  If 
KC1 is formed in the sap faster than it comes out there must be an 
accumulation  and  this  is  understandable  if  KC1  passes  chiefly in 
molecular form and permeability to molecules of KC1 is low. 
This is not an equilibrium condition for if the expenditure of energy 
stops and acid is no longer produced in the cell the internal pH value 
will fall and K  will come out so that  eventually the distribution of 
electrolytes inside and outside will tend to become nearly equal#  5 
It may be added that  experiments on artificial models show that 
when a  difference of pH value is maintained on  opposite  sides of a 
partition an electrolyte may pass  over from the alkaline to  the acid 
side and accumulate to a marked extent even though no indiffusible 
ions are present.  These experiments will be described in subsequent 
papers. 
SUMMARY 
It is suggested that K enters chiefly as KOH, whose thermodynamic 
potential  (proportional  to  the ionic  activity product  (aK) (aoH))  is 
greater outside than within.  As this difference is maintained by the 
production of acid in  the cell K  continues to  enter,  and  reaches a 
greater  concentration inside  than  outside.  KOH  combines with  a 
weak organic acid which is exchanged for HC1 entering from the sea 
water (or its anion is exchanged for C1-), so that KC1 accumulates in 
the sap. 
Na enters more slowly and its internal concentration remains below 
that of K. 
The facts indicate that penetration is chiefly in molecular form. 
As the system is not in equilibrium the suggestion is not susceptible 
of thermodynamic proof but it is useful in predicting the behavior of 
K, Na, and NH4. 
The excess of Mg  ++ over SO4=  in the sea water  would  tend  to  produce  a 
Donnan equilibrium. 